Background-Endothelial vasodilator dysfunction may serve as a marker integrating the vascular risk of an individual; however, whether systemic vasodilator function predicts disease progression and cardiovascular event rates in patients with manifest acute coronary syndromes (ACS) is unknown. Methods and Results-In 198 patients with angiographically documented ACS, forearm blood flow (FBF) responses to acetylcholine (ACH; 10 to 50 g/min) and sodium nitroprusside (SNP; 2 to 8 g/min) were measured by venous occlusion plethysmography before hospital discharge within 5 days of an episode of an ACS. Cardiovascular events (cardiovascular death, myocardial infarction, and ischemic stroke) served as outcome variables over a mean follow-up period of 47.7Ϯ15.1 months. Patients who experienced cardiovascular events during follow-up (nϭ31) had a significantly reduced vasodilator response to ACH (PϽ0.05) and SNP (PϽ0.05). By multivariate analysis, vasodilator response to ACH and elevated troponin T serum levels were the only significant (PϽ0.05) independent predictors of a poor prognosis, even after adjustment for traditional cardiovascular risk factors, concurrent medication, invasive treatment strategy, and C-reactive protein serum levels. Recovery of endothelium-dependent vasoreactivity as assessed by repeated FBF assessment 8 weeks after the index measurement after the ACS predicted further event-free survival in a subset of 78 patients.
R upture or endothelial erosion of a coronary plaque with subsequent thrombosis represents the pathomorphological substrate of acute coronary syndromes. 1, 2 Clinically, the transition from stable coronary artery disease to acute coronary syndromes coincides with elevated levels of inflammatory markers like C-reactive protein, amyloid A, or interleukin-6, [3] [4] [5] which suggests that local inflammatory mechanisms may contribute to plaque instability. 6, 7 More recently, acute coronary syndromes were shown to be associated with a transient acute, widespread coronary inflammatory process, not confined to the culprit artery responsible for the acute coronary syndrome, but correlated with systemic levels of C-reactive protein. 8 Moreover, the persistence of elevated systemic inflammatory markers was shown to predict recurrence of coronary instability in patients surviving an acute coronary syndrome. 9, 10 These observations prompted the hypothesis that there may be not only isolated or multiple inflamed vulnerable plaques or a locally vulnerable endothelium but also some inflamed patients who remain vulnerable for a period of weeks and months and who could be identified by persistent elevation of systemic inflammatory markers. 11 The vascular endothelium is a primary target for inflammatory mediators. Functionally, endothelial inflammatory activation is associated with a profound impairment in endothelium-dependent vasodilator function. [12] [13] [14] As such, endothelial function may be regarded as an integral index of all inflammatory mediators present in an individual and thus may represent the vascular phenotype of an inflamed patient. Therefore, we tested the hypothesis that assessment of systemic endothelial vasodilator function provides prognostic information in patients suffering from an acute coronary syndrome and is capable of identifying the vulnerable patient who is prone to experience recurrence of instability.
Methods

Patient Population
A total of 198 patients were studied within 5 days of an acute coronary syndrome, which was defined as angina at rest and alterations of the ST segment, excluding ST elevation, with or without elevation of troponin T. In all patients, the culprit lesion was documented by coronary angiography.
Patients with impaired left ventricular ejection fraction (Ͻ45%) as assessed by echocardiography were excluded. Moreover, patients with any evidence of inflammatory or malignant disease were excluded. Screening tests were performed by evaluation of the patient's history, white blood cell count, and, if required, urinary test or radiograph of the chest.
For the follow-up period, all patients were given aspirin (100 mg/d) and ␤-blocker therapy. For forearm blood flow (FBF) measurements, vasoactive medications such as calcium channel blockers, ACE inhibitors, and long-acting nitrates were withheld at least 24 hours before the study. In contrast, aspirin, ␤-blockers, and statins were not discontinued.
Study Protocol
FBF measurements were performed as described previously. 13 In brief, all FBF measurements were performed in the morning in a quiet, temperature-controlled room at 22°C (72°F). Patients were asked to refrain from drinking alcohol or caffeine and from smoking for 12 hours before the examination. Under local anesthesia (Ͻ1.5 mL of 2% mepivacaine; Astra Pharmaceuticals) and sterile conditions, a 22-gauge catheter (Braun-Melsungen) was inserted into the brachial artery of the nondominant arm (left in most cases) for the infusion of drugs or saline. This arm was elevated above the level of the right atrium. All patients were allowed to rest for 20 minutes after catheter placement to achieve stable baseline measurements before data collection. FBF (mL · min Ϫ1 · 100 mL Ϫ1 forearm volume) was measured with venous occlusion plethysmography (model EC-4; D.E. Hokanson), with calibrated mercury-in-silastic strain gauges applied to the widest part of the forearm. Upper arm cuffs were intermittently inflated to 40 mm Hg for 10 seconds every 15 seconds to temporarily prevent venous outflow (rapid cuff inflator E-10; D.E. Hokanson). To exclude hand circulation from the blood flow, a wrist cuff was inflated to suprasystolic pressure. Flow measurements were recorded, and 6 readings were obtained for each measurement. Drug infusions were administered with a constant-rate infusion pump (Braun-Melsungen). Basal measurements were obtained after intraarterial sodium chloride (0.9%) infusion (rate 1 mL/min). For the assessment of endothelium-dependent vasodilation, acetylcholine (Ciba Vision GmbH) was infused intra-arterially in increasing dosages of 10 to 50 g/min with infusion rates of 0.8 to 1.2 mL/min. Sodium nitroprusside (Schwarz Pharma) was infused for assessment of endothelium-independent vasodilation in increasing dosages of 2 to 8 g/min with infusion rates of 0.8 to 1.2 mL/min. Analysis of the plethysmographic recordings was performed on the day of the measurement by a technician. All blood samples were obtained on the day of FBF measurement after puncture of the brachial artery.
Long-Term Follow-Up
Clinical long-term follow-up was performed with a questionnaire that was sent to patients; additionally, a telephone contact was performed. All information regarding potential cardiovascular events was validated by source data, including the analysis of coronary angiograms, discharge letters, or charts of hospital stays. Cardiovascular death was defined as death due to a myocardial or cerebral infarction or documented sudden cardiac death. Myocardial infarction was defined as an elevation of creatine kinase serum levels Ͼ2 times the upper limit or new ST elevations (Ͼ0.1 mV) in Ն2 leads. Ischemic stroke was defined as clinical evidence of stroke without intracranial hemorrhage on brain imaging studies. Because ACE inhibitors and statins influence both endothelial vasodilator function and disease progression, all medical therapy, especially with ACE inhibitors and lipid-lowering drugs, was documented. For the present analysis, we focused exclusively on hard end points, namely, death, myocardial infarction, and stroke.
Statistical Analysis
Data are expressed as meanϮSD. Statistical comparisons were made by the Student t test or by the nonparametric Mann-Whitney U test. Differences in forearm vascular reactivity to acetylcholine or sodium nitroprusside were examined by the general linear model procedure. Cumulative event rates were estimated by Kaplan-Meier survival curves for categorical variables. Probability values were determined by use of the log-rank statistic. For Kaplan-Meier analyses, vasodilator function of the forearm to acetylcholine or sodium nitroprusside was calculated as area under the curve (AUC) and divided into quartiles or tertiles, respectively. In addition, Cox regression analysis was used to examine the potential relationships between continuous variables and events during the follow-up period. Multivariate analysis with Cox regression techniques was performed to examine potential interactions among the entered covariates. The variables included in the model were FBF response to acetylcholine, PCI procedure, extent of coronary artery disease, C-reactive protein and troponin T serum levels, arterial hypertension, LDL cholesterol level, smoking, diabetes mellitus, and concurrent chronic medication with ACE inhibitors or statins.
Statistical significance was assumed if the null hypothesis could be rejected at the Pϭ0.05 level. All statistical analysis was performed with SPSS for Windows 11.5 (SPSS Inc).
Results
Patient Characteristics
Baseline characteristics of the 198 patients are summarized in Table 1 . The mean duration of follow-up was 47.7Ϯ15.1 months (range 11 to 1650 days). During follow-up, a total of 31 patients experienced a cardiovascular event ( Table 2) . Four patients died of cardiovascular causes, 24 had myocardial infarction, and 3 experienced an ischemic stroke.
Clinical Determinants of Prognosis
Patients who had a recurrent major cardiovascular event after surviving an episode of an acute coronary syndrome did not differ from patients with an uneventful course of disease with regard to classic risk factors for CAD, with the exception of diabetes, which was more frequently observed in patients with CV events during follow-up. Moreover, pharmacological treatment for secondary prevention did not differ between groups ( Table 1) . As expected, patients with recurrence of instability had significantly elevated troponin T levels, higher C-reactive protein serum levels, and more frequently underwent invasive revascularization procedures for treatment of the acute coronary syndrome qualifying for inclusion in the study. Serum LDL cholesterol levels were slightly but nonsignificantly lower in patients with recurrence of instability. Multivariate analysis with the Cox regression model revealed that elevated troponin T serum level was the only remaining independent predictor for a poor outcome after an episode of an acute coronary syndrome.
Systemic Vasoreactivity and Prognosis
As illustrated in Figure 1A , patients who had a recurrent major cardiovascular event during follow-up had a significantly blunted dose-dependent forearm vasodilator response to the endothelium-dependent mediator acetylcholine and to the endothelium-independent mediator sodium nitroprusside ( Figure 1B ). Figure 2A shows the cumulative proportion of patients without recurring cardiovascular events according to quartiles of acetylcholine-induced FBF responses. The incidence of recurring cardiovascular events increased significantly with decreasing vasodilator responses to the intra-arterial infusion of acetylcholine. Although there was an overall association between major cardiovascular events and the vasodilator response to sodium nitroprusside, Kaplan-Meier analysis failed to achieve statistical significance.
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Cox regression analysis with FBF responses to acetylcholine measured as AUC of the dose-response relation as a continuous variable also demonstrated a significant association with recurrence of cardiovascular events (Pϭ0.03). In addition, the use of either the maximal acetylcholine response or the maximum percent increase from baseline in response to acetylcholine gave essentially identical results (PϽ0.01 and Pϭ0.04, respectively). Thus, impaired systemic endothelial vasodilator function, measured in the forearm circulation, is associated with a significantly higher incidence of recurring cardiovascular events after an acute coronary syndrome.
Multivariate Analysis
To identify systemic vasodilator dysfunction as an independent predictor for recurrence of cardiovascular events, a multivariate analysis using the Cox regression model was performed, which included the classic risk factors for coro- nary artery disease, the extent of coronary artery disease, the use of PCI, the presence of ACE inhibitor or statin therapy for secondary prevention, and the established risk markers C-reactive protein and troponin T serum levels. As shown in Table 3 , systemic endothelial vasodilator function remained a statistically significant independent predictor (RR 0.54, 95% CI 0.32 to 0.89), as did the serum marker troponin T (RR 2.12, 95% CI 1.0 to 4.4), whereas C-reactive protein levels or LDL cholesterol levels lost their significance once acetylcholine-mediated FBF responses were forced into the multivariate model. To exclude a potentially confounding effect of PCI to predict recurrence of cardiovascular events in our patient population, we performed an additional multivariate analysis restricted exclusively to patients undergoing PCI for treatment of the culprit lesion. Of these 144 patients, stent-PCI was performed in 122 patients with bare metal stents, whereas 22 patients underwent balloon angioplasty without stent implantation. No patient in the present study population underwent bypass surgery for treatment of the acute coronary syndrome. A total of 44 patients received glycoprotein IIb/IIIa inhibitors, which have been shown to affect endothelial vasodilator function, 15 during the PCI procedure. As illustrated in Table 4 , multivariate analysis restricted to the 144 patients who underwent PCI revealed similar results compared with the total study population, with PϽ0.02 for acetylcholine-induced blood flow responses, PϽ0.05 for troponin T, and Pϭ0.29 for C-reactive protein serum levels. Thus, systemic endothelial vasodilator capacity provides additional prognostic information compared with the established risk markers to predict recurrence of instability in patients with acute coronary syndromes, even in those patients undergoing aggressive early revascularization procedures.
Recovery of Systemic Endothelial Vasodilator Function Predicts Event-Free Survival
Because previous studies demonstrated that inflammationassociated "stunning" of the endothelium is a transient phenomenon that resolves after elimination of the inflammatory stimulus, 12, 13, 16 we tested the hypothesis that spontaneous recovery of systemic endothelial vasodilator function after an acute coronary syndrome might predict a beneficial course of disease. For this purpose, in 78 patients who initially did not experience recurrence of instability, we repeated FBF measurements under identical conditions 8 weeks after the index assessment during the acute coronary syndrome. In this patient cohort, a total of 11 events occurred subsequently after the repeated assessment of systemic endothelial function.
As illustrated in Figure 3A , FBF responses to acetylcholine remained severely depressed in those patients who had recurrence of instability Ͼ8 weeks after the initial event, whereas acetylcholine-induced FBF responses profoundly improved in those patients who had an uneventful follow-up. 
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When the patient population was divided into tertiles according to the extent of improvement in acetylcholine-induced FBF responses within 8 weeks after an acute coronary syndrome, it was revealed that recurrence of instability was observed predominantly in those patients, in whom FBF responses to acetylcholine did not increase within 8 weeks after an acute coronary syndrome ( Figure 3B ). Moreover, receiver operating characteristic curve analysis revealed the significant predictive power of change in acetylcholineinduced FBF responses to predict recurrence of instability during follow-up (AUC 0.77; Pϭ0.003; 95% CI 0.664 to 0.874 ). No such association was observed for FBF responses to the endothelium-independent vasodilator sodium nitroprusside ( Figure 3C ). Thus, recovery of endothelial vasodilator capacity is a significant determinant of a beneficial clinical course in patients with acute coronary syndromes.
Discussion
The results of the present study demonstrate that impaired systemic endothelial vasodilator function is associated with future cardiovascular events in patients surviving an episode of an acute coronary syndrome. Moreover, endothelial vasodilator capacity of the forearm circulation appears to provide additional information compared with the inflammatory marker C-reactive protein to predict the recurrence of instability, which suggests that the assessment of systemic endothelial vasodilator function indeed provides an integrated index of all inflammatory mediators present in an individual and thus reflects the vascular phenotype of an inflamed patient. Finally, this is the first study to document that an improvement of systemic endothelial vasodilator dysfunction within a short time period of 8 weeks after an acute coronary syndrome is associated with significantly fewer future cardiovascular events.
We and others have previously demonstrated that dysfunction of either the coronary or peripheral vascular endothelium constitutes an independent predictor of cardiovascular events that provides valuable prognostic information in addition to that derived from conventional risk factor assessment. [17] [18] [19] [20] [21] [22] [23] However, all of these previous studies were performed exclusively in patients either at risk or with established atherosclerotic diseases and purposely excluded patients with acute coronary syndromes. The present study considerably extends these previous findings by demonstrating that endothelial dysfunction is a systemic disorder that not only represents a critical element in the pathogenesis of atherosclerotic disease and its progression but, more importantly, predicts recurrence of instability in patients who survived an acute coronary syndrome. Inasmuch as the persistence of elevated systemic inflammatory markers predicts recurrence of instability, 9, 10 the vascular phenotype appears to reflect persistent inflammatory endothelial activation of the systemic circulation in patients who had coronary plaque rupture/ erosion with ensuing acute coronary syndromes. Thus, the assessment of systemic endothelial vasodilator function appears to be able to identify the inflamed patient who remains vulnerable after an episode of acute coronary syndrome.
Indeed, by multivariate analysis, impaired systemic endothelial vasodilator function provided significant additional information compared with C-reactive protein serum levels to predict the recurrence of cardiovascular complications after an acute coronary syndrome. Moreover, those patients in whom systemic endothelial vasodilator function improved over 8 weeks after the acute coronary syndrome suffered significantly less frequently from recurring cardiovascular events compared with patients whose endothelial vasodilator function remained impaired over time. Taken together, these data indicate that systemic endothelial dysfunction may be regarded as a marker of the inherent atherosclerotic risk, integrating the balance of proinflammatory and antiinflammatory mediators acting on the vascular wall. Indeed, we previously demonstrated that elevated levels of the antiinflammatory cytokine interleukin-10, which exerts potent endothelial protective functions in experimental and human studies, 24, 25 ameliorate the increased risk associated with the persistence of elevated levels of the inflammatory marker C-reactive protein serum in patients with acute coronary syndromes. 26 The exposure of endothelial cells to proinflammatory stimuli induces procoagulant activity, 27 leads to expression of cell surface adhesion molecules, 28, 29 and impairs bioavailability of the potent platelet inhibitor nitric oxide. 30, 31 Thus, systemic endothelial activation may indeed contribute to a thrombogenic blood to trigger recurrence of instability in inflamed patients.
Importantly, the prognostic value of systemic endothelial vasodilator function was independent of classic risk factors, such as troponin positivity, in patients with acute coronary syndromes but provided additional information compared with the inflammatory serum marker C-reactive protein.
Thus, assessment of systemic endothelial vasodilator function contributes specific and independent prognostic value in patients with acute coronary syndromes. However, further studies are required to prospectively validate a cutoff value of endothelial vasodilator capacity for optimized risk prediction in patients with acute coronary syndromes.
In summary, systemic endothelial dysfunction is a major predictor of recurrence of instability in patients with acute coronary syndromes. Assessment of the vascular phenotype might provide an integrated index of systemic inflammatory activation of the vascular wall and thus enable the identification of the inflamed, "vulnerable" patient at risk.
